The aim of this work is to study the degradation of an innovative solvent for post-combustion CO2 capture composed of 1-methylpiperazine (30% w/w), piperazine (10% w/w) and water (60%) (1MPZ/PZ/Water). Cycling of the solvent has been realized on a lab-scale pilot plant with conditions representative of post-combustion CO2 capture during 1000 hours. Experimental CO2 loadings were 0.33 and 0.69 respectively for the lean and the rich solvent. Monitoring of the two amines concentration showed no significative degradation during the campaign. Complementary analytical strategies permitted the identification of 22 degradation products found in both liquid and gaseous phases.
Introduction
In the perspective of reducing greenhouse gas emission, post-combustion CO2 capture by chemical absorption of amine seems to be the most promising method for CO2 capture [1] . Amine-based CO2 capture systems are based on chemical reactions between CO2 and an aqueous amine solution at low temperature and atmospheric pressure during the absorption step, and the release of CO2 at high temperature and pressure during the stripping step. Monoethanolamine (MEA) is the benchmark solvent because of low production cost and rapid absorption rate. MEA is also highly soluble in water and absorbs a large amount of CO2 at low CO2 partial pressure. But MEA is degraded in the presence of O2 [2, 3] , NOx [4] and SOx [5] contained in flue gas and also in the presence of CO2 in stripper conditions [6] . Degradation products are formed in the liquid phase of the solvent, but can also be emitted with the treated flue gas [7] . Furthermore, the use of MEA for CO2 capture and its compression causes 20% reduction in net power plant input, which is significant in terms of costs [8] . In this context most of the studies focus nowadays on innovative solvents in order to develop CO2 capture process with low environmental impact and cost. One of the most promising amine seems to be Piperazine (PZ) as it can be used at up to 150°C without significant degradation [9] . However, PZ precipitates at ambient temperature, which can be problematic on an industrial pilot plant. Many projects aimed at studying (PZ)-based amine blends, used as activator [10] [11] [12] [13] . Li et al., 2013[14] concluded that the blend 1-methylpiperazine/piperazine/water (1MPZ/PZ/Water) was one of the most promising in terms of thermodynamic and kinetic properties. However, no informations were available about the degradation of this blend. In the present study carried out on a lab scale pilot plant with conditions representative of post-combustion CO2 capture during 1000 hours, the blend 1-methylpiperazine/piperazine/water (30/10/60 w/w/w) was monitored in terms of stability, capture performance and degradation products formed.
Material and methods

Pilot plant description
The blend 1MPZ/PZ/Water was degraded on the LEMEDES-CO2 labscale equipment [15] from EDF. This one is able to reproduce cycling of the solvent between the absorber and the stripper columns. It is designed with a single semi-batch glass reactor acting both as an absorber and a stripper. In the reactor the solvent is brought into contact with a synthetic flue gas. A heat exchanger supplied with mineral oil permitted a rapid heating and cooling of the solvent. The solvent circulated from the reactor to the heat exchanger through piping made of hastelloy. Two ageing campaigns of 1000 hours were performed. Several parameters such as solvent temperature, gas composition, conductivity, pressure and exiting gas temperature are monitored continuously. The MEA experimental protocol, more particularly the absorption and stripping temperatures [7] , was applied to this amine blend. The solvent flow rate is 3L/min. During the absorption step, the solvent was heated at 43°C during 90 min and atmospheric pressure, and the synthetic flue gas was composed of 15% CO2 -82% N2 and 3% air. The desorption step was realized by heating the solvent at up to 123°C, temperature maintained during 6 seconds. This step was realized with N2 as entering flue gas, allowing a pressure of 4 bar in the reactor. The experimental scheme is equipped with two gas analyzers, allowing the monitoring of CO2 and O2 at high and low contents. A picture of the pilot plant is presented on figure 1. Figure 1 : LEMDES-CO2 lab-scale equipment
Chemicals
Ethylenediamine (99%) was purchased from Alfa Aesar (Schiltigheim, France). Ammonia 32% extra pure was purchased from Merck (Lyon, France). Pyrazine (≥99%), 1-methyl-1H-pyrrole (99%), 2-methylpyrazine (≥99%), 1,4-dimethylpiperazine (98%), 1-methylpiperazine (99%), piperazine (reagent plus, 99%), 2,6-dimethylpyrazine (≥98%), 2,3-dimethylpyrazine (≥95%), 2-ethylpyrazine (≥98%), 1,2,4-trimethylpiperazine, 2-ethyl-3-methylpyrazine (≥98%), 2,3,5-trimethylpyrazine (≥99%), 2-ethylhexanol, 2-acetylpyrazine (≥99%), 1-piperazineethanamine (99%), 1,4-diformylpiperazine (98%), 1-piperazinecarboxaldehyde (≥90%), 2,2'-bipyrazine (97%), 2-piperazinone 97%, 1,3-dimethyltetrahydro-2(1H)-pyrimidinone (98%), acetaldehyde (anhydrous, ≥99.5%), methylamine (40 % wt. in H2O) were purchased from Sigma Aldrich (Saint Quentin Fallavier, France).
Water content measurement
The water content of the amine blend was measured using a V20 Karl Fisher from Mettler (Viroflay, France). The reagent used for the titration were Hydranal-Composite 5K and Methanol dry from Sigma Aldrich (Saint Quentin Fallavier, France).
Amine titration
The total amine concentration (PZ and 1MPZ) was measured by acidic titration using a T50 Karl Fisher from Mettler (Viroflay, France) titrator with automatic equivalence point detection. 0.4 to 0.6 g of sample were added to 50 mL of deionized water, and placed on the device. The solution was then titrated with 0.2 M of HCl to reach a pH of 2. The amount of acid needed to reach the second equivalence point was used to calculate the total amine concentration.
Total Inorganic Carbon measurement (TIC)
A TOC-L CSH from Shimadzu (Marne la Vallée, France) was used to determine the total inorganic carbon content of the solvent. The 50X diluted sample was acidified in 30 wt% phosphoric acid to gaseous CO2. The CO2 emitted was then measured with an infrared analyzer. Previous calibration of the dispositive (using a 1000 ppm standard) permitted to calculate the amount of inorganic carbon contained in the solution. CO2 loading was then calculated using the amount of inorganic carbon in mol/kg divided by the total amine concentration in mol/kg.
Ionic chromatography (IC)
PZ and 1MPZ were individually quantified using ionic chromatography (IC). An ICS 1000 equipped with an autosampler from Thermo Fisher (Vellebon-sur-Yvette, France) was used. Samples were diluted from 20000 with water, and then 25 µL were injected for the separation. A guard column (IonPacT M CG19RFIC TM 4 x 50 mm) was placed before the analytical column (IonPacT M CS19RFIC TM 4 x 250 mm) to prevent the analytical column from contaminations. An eluent generator permitted the delivery of varying concentrations of methanesulfonic acid (MSA). The system was equipped with a 4-mm anionic Suppressor. Detection was performed with a conductimetric cell. Both columns and conductimetric detectors were thermostated at 35°C. The separation was realized in isocratic mode with 0.25 M of MSA and permitted the separation of the two amines in 10 min. A quantification method has been developed and validated with the total error concept and the accuracy profile with an acceptance limit of 10% in the range of interest.
The same device was also used to track degradation products formed in the liquid phase of the solvent. In this case, the solvent was diluted from 1000 in water before injection. The initial MSA concentration was 2mM, raised at 35 mM from 35 to 135 min. The other parameters were the same as previously described.
Gas chromatography-Mass Spectrometry (GC-MS)
Analyses were performed on an Agilent 7890A gas chromatograph coupled with an Agilent 5975C inert XL MSD mass spectrometer from Agilent Technologies (Massy, France). The device was equipped with a MPS (MultiPurpose Sampler) auto sampler from Gerstel (RIC, Saint-Priest, France) that enabled fully automated HS-SPME analyses. Two columns (Chromoptic, Villejust, France) were used to separate the compounds, a non-polar fused silica capillary column CP-SIL8 CB-MS (30 m x 0.25 mm, 1 µm) and a polar fused silica capillary column DB-WAX (30 m x 0.25 mm, 0.5 µm). For the non-polar column, initial temperature was 40°C held for 2 min, then raised to 130°C at 7°C/min, increased to 280°C at 13°C/min and held for 10 min. For the polar column, oven temperature program started at 40°C, held for 2 min, then raised to 130°C at 7°C/min, then increased to 200°C at 10°C/min and held for 7 min. In both cases, helium was used as carrier gas in constant flow mode at 1 mL/min. The transfer line temperature to the MS detector was set at 280°C. For liquid injection procedures, real samples were diluted 10 times in methanol before injecting 1µL in split mode (1:5) at 280°C. Detection was performed with a mass spectrometer using electronic ionization (EI) source (70 eV) heated to 250°C. The scan range was 25 to 250 amu. NIST spectra data base was used for the pics identification.
Headspace Solid Phase MicroExtraction -GC-MS (HS-SPME-GC-MS)
For Head Space -Solid Phase MicroExtraction (HS-SPME) procedures, the volume of sample introduced in the 20 mL HS vial was 5 mL. A 75µm Carboxen/PDMS SPME fibre obtained from Supelco (Sigma Aldrich, Saint Quentin Fallavier, France) was used. The fully automated HS-SPME procedure was the same as described by Rey et al., 2013[16] . This method was initially developed for the identification and the quantification of alkylpyrazines. It was applied here to the identification of other degradation products present in the liquid phase.
LC-MS
Analysis were performed on a LC Agilent 1100 coupled with a MS Waters micromass ZQ 4000 with ESI source. It was used in positive mode with a source temperature of 120°C. The chromatographic separation was realized with a Thermo Hypercarb column (150 mm x 3 mm, 5 µm-particles). The mobile phase was composed of (A) water + ammonia to reach a pH of 10.8 and (B) Methanol + 0.1% formic acid at a flow rate of 350 µL/min. 5 µL of sample previously diluted by 100 in mobile phase A were injected. The solvent gradient started at 100% of A for 10 min before reaching a ratio of 80:20 (A:B v:v) in 8 min. This ratio was maintained for 12 min
Gas phase sampling
Gas sampling was performed in order to identify degradation products emitted in the gas phase during the process. A Tenax TA ® tube (Gerstel, Saint-Priest, France) was placed after the condenser to avoid any humidity problems, and a flow of 200 mL/min during 60 min was pumped through the solid phase. Flow rate was controlled with a rotameter, and air was pumped with an ambient air sampler from Supelco (Sigma Aldrich, Saint Quentin Fallavier, France).
Analysis of the gas phase by TDU-CIS-GC-MS
For thermodesorption of tubes, gas flow rate of helium was 40 mL/min in splitless mode. Initial temperature of desorption was 35°C held for 2 min then raised to 300°C at 120°C/min and held for 6 min. Desorbed molecules were cryofocused in the injector at -40°C with liquid CO2. Then temperature increased from -40°C to 300°C at 12°C/s and the molecules were injected in the column in splitless mode. The same GC/MS method as for liquid samples was used.
Results
Monitoring of the main products and of the CO2 loading
The degradation campaign lasted around 1000 hours, namely 516 cycles. The monitoring consisted in the analysis of the total amine concentration, the water content, the TIC (Total Inorganic Carbon) for the determination of the CO2 loading, and the analysis by IC of the 1MPZ and PZ concentration. The figures 2, 3 and 4 present the obtained results. The variation of the water content can be explained by the non-control of the real moisture content of the entering gas. The CO2 loading results showed an average value of 33% for the lean solvent and 69% for the rich one. These values are in full agreement with those predicted in the literature [14] . Regarding the 1MPZ and PZ concentration, no significative variation was seen, showing a stability of the solvent during time. 
Degradation products in the liquid phase
In order to identify degradation products formed in the liquid phase of the solvent, complementary analytical methods involving gas and liquid chromatography were developed. 32 compounds were found and among them 18 were definitely identified as degradation products (table 1). The identification strategy was carried out in three successive steps. The first one was realized using mass spectra data base. Then reactional mechanism were proposed for most of them to justify their formation in the lab-scale equipment and finally identification was confirmed with the injection of commercial standards (std). Among the 18 compounds, three have already been listed as thermal degradation products of concentrated piperazine [17, 18] : ethylenediamine, N-formylpiperazine and ammonia.
Degradation products in the gaseous emissions
16 organic compounds were definitely identified as degradation products in the flue gas emitted. These compounds are presented in table 2. Compounds presented in italic have also been identified in the liquid phase of the solvent. 1-piperazineethanamine has already been reported by Freeman et al. [17] as thermal degradation product of Piperazine in the liquid phase of the solvent.
18 were present in the liquid phase, and 16 were detected with the treated flue gas. 4 of them have already been described as concentrated piperazine degradation products [17, 18] . The same experiments will be realized in presence of NOx and SOx in order to be more representative of industrial conditions.
